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Abstract. This paper describes the development of a reduced order model-based feedback
control methodology for regulation of the growth of thin films in a high-pressure chemical vapor
deposition (HPCVD) reactor. Precise control of the film thickness and composition is highly desir-
able, making real-time control of the deposition process very important. The source vapor species
transport is modeled by the standard gas dynamics partial differential equations, with species de-
composition reactions, reduced down to a small number of ordinary differential equations through
use of the proper orthogonal decomposition technique. This system is coupled with a reduced order
model of the surface reactions involved in the source vapor decomposition and film growth on the
substrate. Also modeled is the real-time observation technique used to obtain a partial measurement
of the deposition process.

The utilization of reduced order models greatly simplifies the mathematical formulation of the
physical process so that it can be solved quickly enough to be used for real-time model-based feedback
control. This control problem is fairly complicated, however, because the surface reactions render
the model nonlinear. To deal with this we use a nonlinear feedback control method based on the
state-dependent Riccati equation (SDRE). A second SDRE is contained in a state estimator which
uses the nonlinear partial observations of the growth process to obtain an estimated state on which
to base the feedback control. These nonlinear control techniques are implemented on the HPCVD
model and the results analyzed as to the effectiveness of the reduced order model and nonlinear
control at tracking the desired film growth profile.
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1. Introduction

Chemical vapor deposition (CVD) is a technique used to grow very thin films with certain
desired properties, involving the deposition of source vapors onto a heated substrate surface where
they then react chemically to form the desired material. This process is used in the manufacture
of many computer hardware products, including high-speed (GaAs) integrated circuits, transistors,
and DRAM chips, as well as UV detectors and green and blue light emitting diodes. A less well-
known application is in high-performance electrostatic loudspeakers. Precise control of the film layer
thickness and composition is extremely important, and the increasing demands on the precision of
the desired properties make real-time feedback control of the CVD process very desirable [1, 2, 3, 4].

Low-pressure chemical vapor deposition processes are the preferred choice for manufacturing
many of the devices mentioned above. Previous work within our N.C. State University research group
has successfully implemented feedback control of film thickness and composition in GaP/Gaj_,In,P
films, during experiments in a low-pressure pulsed chemical beam epitaxy (PCBE) reactor using
real-time optical monitoring by p-polarized reflectance spectroscopy (PRS) measurements [4].

However, there are some materials (such as InN or Gaj_;In,N films) which have potential
industrial uses, but cannot be effectively produced at desirable temperatures under low-pressure
conditions. Extending the CVD procedure to higher pressures increases our ability to control the
thermal decomposition of certain source gases, and expands the range of compositions which can
be produced at optimal process temperatures. This has applications to flat panel displays covering
the entire visible wavelength range, and optoelectronics in the visible to UV wavelength range, as
well as radiation-resistant high power electronics. In addition, higher pressures give the advantage
of a fuller ability to intentionally introduce controlled defects into the film or dope the film with
impurities (for example, to give the film a positive charge, in the case of the speaker application).
Control of defect chemistry/residual absorption and laser damage of nonlinear optical materials
(such as ZnGeP5) is also important for wave-guided nonlinear optical sensors and advanced optical
parametric oscillators. Higher pressures can also result in faster film deposition and throughput,
an advantage in time-intensive applications in the semiconductor industry. The challenge in high-
pressure chemical vapor deposition (HPCVD) is that it is significantly more difficult to control than
the low-pressure process, as the higher pressure introduces source vapor gas flow dynamics in the
place of low-pressure ballistic source vapor pulses.

As part of a research team at N.C. State working on the design and construction of an HPCVD
reactor with real-time sensors to use in feedback control of the film growth process, we have worked to
create an effective mathematical model of the more complicated high-pressure deposition process. We
also have developed closed-loop control methods to use on the nonlinear model, including estimation
of the system state from the sensor measurements and tracking of desired properties such as film
thickness and composition.

One part of the HPCVD process is the gas flow dynamics in the high-pressure reactor, as the
source vapors travel from the reactor inlet to the substrate surface in a carrier gas at pressures of up
to 100 atmospheres. A dilute approximation is used in our work, leading to a quasi-steady model
with steady-state nonlinear continuity, momentum and energy equations being decoupled from the
transient linear species equations. We use the reduced order method known as proper orthogonal
decomposition (POD) to obtain a reduced order system from the species equations, so that real-time
model-based feedback control is possible. In earlier work it has been shown that the POD basis



can be used to efficiently represent the species flow dynamics in an HPCVD reactor and to compute
an optimal open-loop control [5], as well as to implement feedback tracking control of HPCVD gas
phase species transport [6, 7]. Section 2 will describe the gas phase model, the use of the POD
reduced order method, and the measurement technique used for observing the process in real time.

The second part of the CVD model is the description of the surface kinetics, including the
decomposition of source vapors deposited on the surface and their reactions forming the compound
which is integrated into the growing film. These reactions are represented by a reduced order surface
kinetics (ROSK) model which assumes that among the many reactions involved there are a small
number of significant limiting steps. The model used in this paper is a modified version of that
developed in [8], coupled to the gas phase model through the flux of species to the surface. This
ROSK model is described in Section 3.

The combined model is nonlinear due to the reactions on the surface, so a nonlinear feedback
control method must be used. To control the growing film thickness we use a nonlinear tracking
control developed in [9], which is based on the state-dependent Riccati equation (SDRE). In ad-
dition, only nonlinear partial measurements of the growth process are available. Therefore a state
estimator/compensator (also from [9], using a second SDRE) is used to reconstruct from these mea-
surements an estimated value of the full state on which to base the feedback control. In Section 4
we describe these methods in the context of the HPCVD tracking control problem.

Section 5 describes the application of the feedback control to the combined HPCVD model.
Simulation results are given and analyzed, to study the effectiveness of the reduced order POD and
ROSK models, the reduced order model-based nonlinear tracking control, and the state estimation
process using nonlinear partial observations of the actual state. Section 6 contains some discussion
of future research including theoretical considerations, and conclusions evaluating the current work
are given in Section 7.

2. Reduced Order Gas-Phase Model

The gas-phase flow model for the high-pressure chemical vapor deposition reactor used here
is based on the two-dimensional work in [6, 7], with a different reactor geometry and extension to
three dimensions. Our model represents the flow of precursor species from the reactor inlet to the
substrate surface, with the transport process dynamics given by the partial differential equations
for continuity, momentum, energy and species balances, including multiple species and gas-phase
reactions [10, 11, 12, 13]. These equations are considered for a case with only trace amounts of the
precursors mixed with the carrier gas (N9) in the reactor. With this dilute assumption a quasi-
steady model can be constructed, with the continuity, momentum and energy equations solved as
steady-state equations, based on the properties of the dominant carrier gas and independent of the
reactant concentrations:

V. (p7) = 0
pT - V¥ = —VP+V.-7—pg 2)
pe,@-VT = V- (kVT), (3)

where the viscous stress tensor is given by

7 = —gu(?-ﬁ)?Jru(ﬁ?JrV’?T). (4)



Here @, T and P are the velocity, temperature and pressure, ¢ is the gravitational acceleration,
and u, ¢, and k are the viscosity, specific heat and conductivity of the carrier gas. The density
variation is modeled as

p = po[l — B(T — Ty)], (5)

with a reference temperature T, a reference density pg calculated from the ideal gas law at the
reference temperature and reactor pressure, and the volume coefficient of expansion § = 1/T.

We will consider a three-dimensional rectangular-box-shaped domain describing the reactor de-
picted in Figure 1. Previous work [6, 7] used a two-dimensional representation of an earlier HPCVD
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Figure 1: Three-dimensional view of the HPCVD reactor.

reactor, but all three dimensions are necessary for our new model, because in addition to the pre-
dominantly lengthwise gas flow and vertical deposition there is now also a horizontal measurement
of optical absorption across the width of the reactor (which will be discussed later in this section).
Our numerical model will represent an area of this reactor that is 150 mm long, 50 mm wide, and
only 1 mm high. A side-view cross-section of this is shown in Figure 2, with the very small height
not to scale. The portions of the reactor outside this domain, specifically the narrow inflow and
outflow regions and the part of the box-shaped reactor near the inflow (seen in Figure 1) are not
included in the model. There are two sapphire substrates on which the growth is to take place,
each 25 mm long by 20 mm wide and placed in the center of the reactor model (width-wise and
length-wise), located symmetrically on both the top and bottom of the flow channel. The growth
is driven thermally by a circular heating element, or susceptor, 40 mm in diameter and centered
behind each substrate. The substrate and susceptor placement can be seen in Figures 1 and 2. The
gas flow enters through the inlet seen at the left end of the reactor in these figures, flows across the
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Figure 2: HPCVD reactor side-view cross-section (not to scale).

substrate surfaces (depositing some of the source species there), and exits the outlet at the right end
of the reactor. Here we consider Nitrogen (N2) as the carrier gas, at a pressure of 10 atmospheres.
Temperature-dependent values of y, ¢, and k for Ny are linearly interpolated from values in the
literature [14, 15, 16].

The boundary conditions for the steady-state flow model will be formulated as follows. There
is a no-slip (zero velocity) condition on all walls of the reactor as well as the substrate, while the
inflow velocity profile corresponds to rectangular duct flow [17] with a flow rate of 10 standard liters
per minute (slpm). The temperature boundary condition is room temperature (298 K) at the inlet
and 1000 K at the susceptors. Boundary conditions on the temperature of the reactor walls include
conduction along the walls, radiation off the walls, convective heat loss to the environment, and
modeled heat loss to the outside of the reactor. A special boundary condition in the commercial
software package FIDAP (Fluid Dynamics International, Evanston, IL), described in [12], page 6-
14, is used to obtain a smooth outflow condition. The pressure is involved in equations (1)-(5)
only as ﬁP, so therefore only pressure differences matter, not absolute pressures, and an implicit
P = 0 boundary condition is used at the outlet. A Galerkin finite element method with weighted
residuals for the degrees of freedom (@', T and P) is used to discretize the gas flow equations. The
discretization uses a mixed formulation with 4983 brick elements (corresponding to 47131 nodes),
with piecewise linear discontinuous elements for pressure and quadratic (27-noded) elements for the
other degrees of freedom. We used FIDAP to solve this finite element problem for steady-state
values of @, T and P at the nodal points.

The solutions for velocity and temperature that are found from equations (1)-(5) can then be
used in the solution of the time-dependent species equations for the precursor mass fractions,

M | 5.9y, =19 (oD ﬁY)Jr%w (6)
ot n p n n 2 nis

where Y,, is the mass fraction of the nth species, D,, is the diffusivity of species n, Ng is the number
of gas phase reactions, and r,; is the rate of production of species n in the ith reaction.

In the HPCVD computational experiments to follow we will consider trimethylgallium, or TMG
(Ga(CHs)s3), and phosphine (PH3) as source materials for the growth of the III-V film gallium
phosphide (GaP). For now we only investigate using one TMG pulse to control its contribution



to the film deposition process. This can be done since the inputs are pulsed with pauses between
them, so that the gallium species and phosphorus species are not present in the reactor at the same
time (though a constant overall gas flow profile is maintained throughout the pulsing cycle by the
carrier gas). This pulsing prevents nucleation of GaP material in the gas phase. For the gallium
transport we will consider three gas-phase species (aside from the carrier gas): Y; representing
the mass fraction of TMG, Y3 that of dimethylgallium (DMG), and Y3 that of monomethylgallium
(MMG).

We will assume that there are Nr = 2 significant gas phase reaction mechanisms for the gallium
species. There is the reaction for the decomposition of TMG to DMG and a methyl molecule,
Ga(CHjs)s — Ga(CHgs)o + CHj (reaction 1), and the decomposition of DMG to MMG and a methyl
molecule, Ga(CH3); — GaCHs + CHj (reaction 2). These decompositions can be described as
first-order Arrhenius reactions with rates of production given by

W, .
Tni = Vng i kie_El/RTYmia (7)

m;
where m; is the number of the species which is the source in reaction ¢. The parameter v,; is the
stoichiometric constant for species n in reaction 4, W, and W,,, are the molecular weights of those

particular species, and k; is the rate constant and E; the activation energy for reaction 7. The values
of vy, k; and E; for the two reactions we consider are taken from [18, 19] and are given in Table 1.

Reaction 4 | Species n | vyik; (s71) | E; (kcal/mol)
1 1 (m1) —5.5 x 10" | 61.0
1 2 5.5 x 105 | 61.0
2 2 (mg) —8.7x 107 | 35.4
2 3 8.7 x 107 35.4

Table 1: Rate constants and activation energies for gas-phase reactions.

The molar weights for the three species are Wryg = 114.8 g/mol, Wpuag = 99.79 g/mol, and
Warme = 84.755 g/mol, and R = 1.99 cal/(mol-K) is the universal gas constant. The temperature-
dependent values of the diffusivities D,, are linearly interpolated from values in the literature [20].
The methyl molecules do not participate in the film growth and, due to the dilute approximation,
do not contribute to the flow properties, so we do not include them in the transport equations.

The boundary conditions for the species transport equations will be as follows. We consider
all of the area in contact with the two susceptors (including both the substrates and some of the
surrounding reactor wall area) to be perfectly absorbing for each species (this area is shown as I'y in
Figure 2). The remainder of the reactor wall areas are considered to be completely non-absorbing,
also for each species. At the inlet (I'; in Figure 2), the source species (TMG) is set to desired values,
and will be used as the input for control of the growth process, while the other two species are set
to 0. Zero normal flux is assumed at the outflow, so that 8Y,,/07 = 0. The initial condition of
the system is that no species are present in the reactor. Thus the entire time-dependent species
transport system based on equation (6) is given by



M | 5.9y, = 9.0, V) + St
ot P =
Y,(0,7) = 0
Yi(t, @) = wu; atinflow I'y (8)
Y,(t,@) = 0 atinflow T'; (n =2,3)
Y,(t, ) = 0 at substrates, susceptors I's
BY%(%?) = 0 at walls, outflow,

where 7,; are the reaction production rates from equation (7) and u; is the control input which will
be discussed later.

We use a penalty boundary formulation on the species transport problem in order to change
all the boundary conditions to Neumann conditions. This prepares the system for the Galerkin
procedure to be discussed later in this section and the control problem to be described in Section 4.
Under the penalty boundary formulation, the system (8) is modified to become

Ng
G T I = (D, T) + Y
=1

ot
Y,(0,2Z) = 0
%t_?ﬁ) - %(Yl(t, T)—u;) at inflow T (9)
%’;ﬁ) _ %Yn(t, ) at inflow Ty (n =2, 3)
%ﬁ_&?) = %Yn(t, ) at substrates, susceptors I'y
BY%(%?) 0 at walls, outflow,

where € is a small parameter (for our simulations we use ¢ = 1073). With sufficient regularity
assumed, it can be argued that as e — 0 the solution to (9) approximates the solution to the problem
in (8) with Y1(t, @) = w1 and Y2 3(t, @) = 0 at the inlet and Y, (¢, 7) = 0 at the substrate (see
[21, 22] for related discussions). This penalty formulation was successfully implemented in our
previous feedback controlled HPCVD simulations for different reactor geometries in [6, 7].

The Proper Orthogonal Decomposition (POD), also known as the Karhunen-Loéve expansion
[23, 24] or principal component analysis [25], is a method of choosing a set of basis functions tailored
to a particular problem so that a minimal number of functions are needed to represent that problem’s
dynamics. This is a well-known method of feature extraction in the pattern recognition field [26], and
it has been used on many types of physical problems, including turbulent flows [27, 28, 29, 30, 31].
It has been used in open-loop control of CVD systems [5, 32], and recently in closed-loop control of
CVD systems in [6, 7], for discretizing species transport PDEs similar to system (9) so that they may
be numerically solved more quickly. In contrast to the POD method, a standard finite difference,
finite element, or spectral method of discretization will result in a very large system of ordinary
differential equations. The POD method utilizes observations of the problem dynamics to choose



basis functions which include as much of those dynamics as possible, thus potentially making it
possible to reduce the number of approximate ODEs needed from hundreds or thousands down to
the order of ten or less. The most important consequence of this in our work is that the POD system
is small enough to use to generate a real-time on-line feedback control, whereas the system resulting
from a generic discretization method would require too much time to solve.

In our problem we use FIDAP simulations of the species flow equations described above to
obtain a set of experimental observations, or “snapshots”, of the species mass fractions at various
times, to serve as the raw material for finding the POD modes. The snapshot data set for the nth
species consists of K vectors, U, = {ul],ul,, ...,uszK}, each vector consisting of the IV nodal values
of the mass fraction of the nth species at a different time ¢; (z = 1,2, ..., K) during the simulation.
This simulation is done starting with zero mass fraction for each species in the body of the reactor,
with a constant TMG mass fraction input serving as a nontrivial “control” for 0.5 s, followed by a
clearing pulse of zero input for another 0.5 s. The simulation uses a backward Euler method with
time steps of 0.005 s or 0.01 s for the time integration. A total of 100 snapshots are obtained at
0.01 s time intervals.

For the purposes of describing the process of finding the POD, we will think of the snapshots
{u%} not as length N vectors but as functions {uﬁfz
We also will eliminate the species subscript 7 and length-N superscript for now, so that the set of
snapshots is given by U(z) = {u1(z),u2(z),...,ux(z)}, remembering that we are considering the
snapshots for a single species. Following the description of [5], we look for the set of K POD modes
that most closely match the snapshot data, so that the POD modes z = z(z) maximize

(:v)} of the location z in the reactor domain 2.

1 & )
=3 2 (10)
=1
while still being independent of each other and having

2
(2,2) = [|2[]" = 1.

Here (-,-) and ||-|| are the L? inner product and norm. Specifically we look for POD modes that are
linear combinations of the snapshots, so that

K
2(x) =) aiui(z), (11)
i=1

with the coefficients a; to be found so that (10) is maximized.
To start, we define the function

K

AN ]‘ 3 . !
K(m,a:) = E ;uz(m)uz(x )7 (12)
and the operator R on z
(R2) (z) = /Q K(z,2')2(z)de'. (13)

By manipulating these defined equations we find that
(Rz,2) = / Rz(z)z(z)dx
Q
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://K:L“av z')dx'z(z)dx

_ Kz//u 2)ui(a') (') da' 2(z) d
= E§|(ui,z)|2. (14)

It also follows that (Rzi,22) = (z1,Rz22) for any 21,2 € L2(Q), so therefore R is a nonnegative
symmetric operator on L2(Q). With this property, the problem of maximizing the expression (10)
is the same as finding the largest eigenvalue in the problem

Rz = Az (15)

subject to ||z]|? = 1, or equivalently,
/ K(z,2')2(a')da’ = Aa(z) (16)
Q

with ||z]* = 1.
By substituting the definitions of z and K in equations (11) and (12) into equation (16), we
obtain

Z[ K/“Z Juj(z )dma]] wi( ):Z:)\aiui(m), (17)

which can be rewritten as the matrix eigenvalue problem

Cp =X, (18)

where the matrix and eigenvector are given by
Cy = e / ui(z')uj(z (19)
¥ = [a1,02,..,ak]" . (20)

C is a nonnegative Hermitian matrix, so therefore it has a complete set of orthogonal eigenvectors

T
{1,%9, ..., YK}, with ¢ = [a’f,a’f,...,a’lc(] , ordered from largest to smallest eigenvalues. The

expression (10) is then maximized by the POD mode obtained from the eigenvector corresponding
to the largest eigenvalue by setting

K
= Z:azlu,(x) =U(x)r. (21)

The other POD modes are calculated similarly from the remaining K — 1 eigenvectors.

In the case of our HPCVD problem, the snapshots are actually given in terms of length N vectors
of the finite element coefficients, so instead of the integral version of the correlation matrix C, it will
be given as C;; = (1/K)uluj. For a particular species n, the ith POD mode 2 in the set Z, =
{2, 2], ..., 2N } is obtained by taking a linear combination of the snapshots U, = {unl, ully, . ul



of that species. That is, zfx = Unipﬁ, where {1/),{(1, ¢§2, ey ¢7IL(K} are the orthogonal eigenvectors of the
7Il§7
ranked in descending order of the eigenvalues A\,;. The POD basis elements are found from these
POD modes by using generic finite element interpolation functions, such as quadratic functions. A
Galerkin procedure on the weak form of the original PDE system using a chosen number of these
basis elements will result in an ODE system similar to that of a finite element Galerkin procedure
but with significantly fewer equations.

The POD basis has certain desirable properties which result from the conditions of its formu-
lation. First, the POD modes can be shown to be orthonormal (see e.g. [5]). Secondly, the POD
coefficients are uncorrelated (see either [28] page 77 or [29] page 237). Finally, POD has the property
that the representation of the original data set U = {u;(z)} in terms of the first M POD modes,

correlation matrix of the snapshots. These are given by the solution of [(1 JK)UT Un] K = X\nitp

M
{ui(z)} = {Z bijzj(w)} : (22)
j=1

for any M < K, maximizes the data variability of such an M-mode reduced basis representation of
the snapshots. That is, for a representation in terms of any other orthonormal basis,

M
{ui(z)} = {Z cz'j%(w)} : (23)
j=1

the POD coefficients will contain more of the variation in the data set, as measured by M, (b7)
using the notation (b;b;) = (1/K) Sf | bybk;, than the coefficients {c;;} for the other basis. More
specifically, it can be shown that

M M M
S () = x=3 () (24)
=1 =1 =1

(also see [28] page 77 or [29] page 237). The “energy” of the POD modes described by Berkooz
in these places is what we refer to here as the data variability. In an analogous concept, it can be
shown that the POD basis minimizes the mean square error of an M-mode representation over all
choices of orthonormal bases [26].

As a consequence of the property described above, the percentage of the total snapshot set data
variability contained in a certain POD mode zj is given by the ratio of the eigenvalue A\ to the total
of all eigenvalues, A,/ Engl Aj.  The reason for ordering the POD modes from highest to lowest
eigenvalues is to include as much of the variability of the system into the few first modes as possible.
Therefore a POD reduced order system, when found with a Galerkin procedure using these ordered
modes, can still be a very good representation of the dynamics of the system while using only the
first few modes. Due to these characteristics, one approach to choosing the number of POD modes
is to choose the smallest M so that the following condition is satisfied:

M K
Z,\i/z Aj > 0.99. (25)

i=1 j=1

The reduced order gas-phase model is produced from a discretization of the flow problem (9)
using the POD modes in the following way. This model uses only a small number of basis functions

10



and will be used to find the real-time feedback control. We start with the weak formulation of the
species flow equation:

Mo idd = /(7 VY,) widQ - /D VY, - ?wjdmr/ 0 (VYo ¥p) wyde

o Ot

1
+ <) + D,Y,d Do upd 26
Z / ity ri,r2 Wi o r'1l Wi ntin@s, (26)

for n = 1,2,3, with u, = 0 for n = 2,3 (the only species inlet flow we control is TMG). The
important portions of the boundary involved in this formulation are I'1, which represents the inlet,
and I'2, which represents the substrates and susceptors (these boundary areas can be seen in Figure
2). The values of ¥ and T, and by extension p(T') and D, (T'), are found from the steady-state flow
simulations, and the reaction rates of production r,; are found by equation (7) in terms of T" and

We then form the POD basis elements from the calculated POD modes {z,.} and the finite
element quadratic interpolation functions {¢y}. The formula

N

Cur(T) = Y_(21)i0i(T) (27)

=1

gives a set of K basis functions {®,} for each species n = 1,2,3. The mass fraction of the nth
species is approximated as a linear combination of the M, most significant of these POD basis
elements for that species,

YMn t, ? Zynk ) (28)

where M,, << K << N. Substitution of this approximation into (26), using test functions w; = ®y;
( =1,..., M) for the nth species, results in the reduced order system

g'e(t) = AMayMe (1) + BMeu(t), (29)

where Mg = 22:1 M,,, AM¢ is an Mg x Mg matrix and BM¢ is an Mg x 1 vector. This POD
discretization produces an ODE system in terms of the POD coefficients {ynx}, in a form appropriate
for a feedback control implementation and of sufficiently small order that real-time model-based
control is possible. The POD snapshots are obtained, as discussed above, using FIDAP simulations
of the flow problem (9). These use a similar discretization process to that just described, but with a
very large number of finite element basis functions rather than the small number of specialized POD
basis functions.

The reactor model we use here is required to be three-dimensional because the real-time observa-
tion of the gas-phase species transport system is done with a measurement of the intensity of a beam
of light traveling across the width of the reactor (the dimension previously eliminated in the two-
dimensional reactor calculations of [6, 7]) above a substrate surface. By using a three-dimensional
simulation we also create a more realistic representation of the actual flow dynamics in the physical
reactor. The amount of light reaching the detector after absorption in the reactor depends on the
light beam frequency and the gas-phase species mass fractions along the path of the beam. The
light source and light detection locations on the sides of the reactor for this horizontal observation
technique are shown in Figure 3. The optical access ports behind the substrates are for a reflectance
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Figure 3: Measurement techniques in the HPCVD reactor. In this figure the primary gas flow
direction is perpendicular to the page.

measurement taken from the reverse side of the substrates, using the amount of light reflected back
to obtain a partial measurement of the properties of the film and surface reaction layer on the sub-
strate surface. Our current model does not include this as an observation method (see [4] for control
problems using related PRS sensors). We include only the optical absorption measurement of the
gas-phase species in the present initial proof-of-concept calculations for this model.

The intensity of the light signal as measured at the detector side of the channel is

I=Iyexp (— /W 4TWGZ-mag(?)d?) , (30)

where W represents the path across the 50 mm width of the reactor above the target point ?I, at
the center of one of the substrates. The wavelength of the light is A, and Iy and I are the initial
and detected intensities respectively. The parameter €jmqy(7) is the imaginary component of the
dielectric function of the gas mixture at a location @ in the reactor. This dielectric function is given
by

6(?) = 67‘(3&1(?)_Zleima.g(?)

N -1 N
. (];] —Y’;(Vf’) pRAEL ()

n=0

where N is the number of gas-phase species (N = 3 in our model) and species n = 0 represents the
carrier gas. Y, is the mass fraction of species n in the gas-phase model, and W,, is the molar weight
of species n. The parameter F,, = a,, — ib, is the complex optical response of species n.

The wavelength ) is typically chosen so that the absorption measurement is particularly sensitive
to one species. This is achieved through using a wavelength at which the imaginary part of the optical
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response of that particular species is larger than those of the other species. Since experimental data
is not yet available, we use the following assumed values for the sake of implementation: by = 0,
by =5x 1073, and by = b3 = 5 x 1074, all at A = 1000 nm. With these values and the assumption
of a dominant carrier gas due to the dilute approximation, the dielectric function imaginary part is
given by
3
imag(7) = Wo 3 b"’;’;/ﬂ
n=1 n

The molar weight values are Wy = 28.01 g/mol, W; = 114.8 g/mol, Wy = 99.79 g/mol, and
W3 = 84.755 g/mol. To normalize the observed signal described by equations (30) and (32), we
consider the actual observation, which will be used in the state estimation process described in
Section 4, to be

(32)

z(?) = 1- Iio
3
— 1—exp (— 4”;” 0 /W”z_jl b—”nyn(?)d?> (33)

3. Surface Kinetics Model

The gas-phase reduced order model described in the last section will be linked with a modified
version of the reduced order surface kinetics (ROSK) model developed in [8]. The model here is
slightly altered since we are only considering one TMG source pulse, so the surface model described
below will only have a single source term based on the flux at the surface from the gallium-containing
species in the gas phase. From the species mass fractions Y,,, the flux of gallium to a specific point
T, at the center of one of the substrate surfaces is given by

«(F) = —p l p, Waa 911 Waa 02

+ WG’a aY3
7, W, 01

7+ W3 01

(34)

Wy 07 ?]

Writing this gallium flux as an approximation in terms of the gas-phase POD system (29), using the
representation of the state in equation (28), we have

3
a o,
M) = ) | Duret za E ()
n=1 Wn k=1 T,
= HMoyMo(y). (35)

The molar weight values are Wi = 114.8 g/mol, Wy = 99.79 g/mol, W3 = 84.755 g/mol, and
Weae = 69.9 g/mol. The density p and diffusivities D, are dependent on the temperature at the
point ?p on the substrate, with the density value found through equation (5) and the diffusivity
values interpolated from literature values [20]. This flux will be used to couple the gas phase state
variables (the POD coefficients y,x) to the surface model, which has state variables n; representing
the concentrations of species in the film and the surface reaction layer (SRL) on top of the growing
film.

Since there is substantial decomposition during the flow through the high-pressure reactor, we
will consider n1, the intermediate stage of the gallium species decomposition, to represent the amount
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of gallium in the SRL. The species ny will represent the amount of activated gallium (available to
react, unlike n1) in the SRL, while ng will represent the amount of gallium phosphide in the film.
Since we are looking only at a single TMG source pulse we will consider the phosphorus source to have
already arrived at the surface. The initial concentration of activated phosphorus in the SRL is chosen
as an amount in excess of that needed to grow the desired GaP layer thickness, and is specifically
given by Sy = 7So/Na, where Sy is the density of surface sites on the substrate, N4 is Avogadro’s
number, and v > 1 is a chosen constant. The concentration of activated surface phosphorus at
any time can be found from the initial amount on the surface less the amount incorporated into
the film up to that time, as S, — n3(t), thus removing the need for an ODE representing activated
phosphorus. This serves to simplify the model, also making it more easily controllable, since the
amount of activated surface phosphorus would be very difficult to regulate without any phosphine
input control. The model is also simplified by removing the desorption loss terms present in [8], as
they should be less significant under the high surface pressure in the HPCVD reactor than in the
near-vacuum reactor used in [8].

In this model the variables n; give the molar concentrations of the surface species at the particular
point ?p at the center of a substrate. The gas-phase flux is used as the source term for gallium in
the surface reaction layer by the formula Si(t) = ¢M¢(t)/Wg,. All the state variables in the surface
model ODE system are assumed to be initially zero. With these properties, the modified ROSK
model is given by

@) = 120 g (30
na(t) = kini(t) — kgep [Sp — n3(t)] na(t) (37)
T'I,3 (t) = kGap [Sp —n3 (t)] no (t), (38)

with 11, ne, and ng the moles per m? of Ga, activated Ga, and GaP respectively. For this modified

ROSK model we have chosen the rate constants to be k; = 20 s~! (for transformation from gallium
to activated gallium) and kgep = 2000 m2/(mol-s) (for formation of gallium phosphide). Values of
these parameters which better fit the physical surface processes should be found from experimental
data as in [8], but our chosen values will serve for a proof-of-concept demonstration of the model
and its control. Also, more detail may need to be added to the model in the future, in the form of
new terms and/or state variables, once experimental data from the reactor is obtained and studied.
The surface model has size Mg = 3 and can be written in vector form as nMs = f(nMs, ¢Mé). The
combined gas-phase/surface system will have size M = Mg + Mg.

4. Feedback Control Formulation

Having constructed a reduced order model of the HPCVD process, we wish to implement a
feedback control in order to force the film growth to follow a certain profile. The combined system,
consisting of the gas phase model found in Section 2 linked to the modified ROSK model described
in Section 3, is given by

gMe(t) | _ AMayMa () BMc
[ ‘f),MS(t) ] N l f (nMS(t),qMG(t)) ] + [ 0 ] ’U,(t) (39)

This can be written in terms of a single state vector as
M (t) = A(z™(t)xM (t) + Bu(t), (40)
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with A(z™) an M x M matrix function of the combined state 2™, B a length M constant-valued
vector, and u the single control input (the inlet TMG mass fraction). The initial state z{! is zero for
all the gas-phase coefficients as well as all the surface species. We will track the gallium phosphide
film thickness

dM(t) = VGapn3(t)
= HMgM(4), (41)

where Vg,p = 12.2 cm?/mol is the molar volume of GaP.
To construct the tracking control problem for the combined system (40) and tracking signal (41)
we start with the cost functional

T u) = % /0 @ - )T Qud — dr) + (@) Qud" + u" Rl dt. (42)

The weights are R = 1, Q1 = r1, and Qo = r9lps, with Ipy the M x M identity matrix and 7
and ry two chosen design parameters. The desired film thickness trajectory dr(t) is a smoothed
upward ramp function of growth from 0 to the final thickness of one monolayer of GaP, roughly
107! m (see Figure 4). The time axis in this figure has been nondimensionalized as well; each

[EEN

o o o
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Desired GaP Thickness (Dimensionless)
o
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o

0 10 20 30 40 50
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Figure 4: Desired film thickness growth profile.

time unit corresponds to 0.1 s. In addition to the weight on the tracking signal d" and the weight
on the control u there is also a weight on the other state variables given by EM, in order to minimize
any undesirable behavior in the system not necessary to tracking the chosen thickness profile. The
method of and reasoning behind adding this term are given in [33], and it was used in [6, 7], where
it was helpful in the feedback control implementation.
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This problem contains nonlinear dynamics in the surface reactions, so we will use the nonlinear
feedback tracking control method developed in [9], based on the solution to the state-dependent
Riccati equation [34, 35, 36, 37, 38]. With this method the feedback control is given by

u(t, ™) = —B7BT [M(@")a™ + s(t, znp)| (43)
where II(z™) is the solution to the state-dependent Riccati equation
M(zM)A@™) + AT (zM)(2M) ~ (") BR B (M) + (HM)TQ  HY + ™) Q. H" = 0. (44)

The term FM)TQZFM comes from the cost functional weight on d"" mentioned earlier. This SDRE
is solved using a power series approximation described in [9, 36], beginning by rewriting the matrix
A as a sum of constant and state-dependent parts by A(z™) = Ay +eg(zM)AAc with a temporary
variable e. The SDRE solution II(z™) is expanded as a power series in ¢, resulting in

= S e (@) (L) (45)
n=0

Substituting these two expansions into equation (44) and matching terms with the same powers of ¢
results in the following set of equations for determining the constant-valued matrices (L,)c¢:

(Lo)oAo + AT (Lo)e — (Lo)eBR™'BY (Lo)o + (HM) Q HM + (H')'Q.H" = 0, (46)
(L1)e [Ao — BR™'B" (Lo)c| + [AF — (Lo)eBR™'B"] (L1)o + (Lo)cAdc

+AAL(Lo)e = 0, (47)
(Ln)o [Ao — BR™'B" (Lo)o] + 4§ — <LO>CBR*18T] (Ln)c + (In-1)cAAc

+ AAL(L ij[Lk BRTBT(Lo)c] = 0. (48)

The first Np of these terms are then substituted into equation (45), with € set to 1, to obtain an
approximation to the SDRE solution. In our HPCVD problem the components of A(z™) are

B AMG OMGXMS
HMG/WGa —kq 0 0
— q
Ao 0% Mg ki —kgapS, 0 |’ (49)
| 0Me 0  kgarSp O |
B OMGxMG OMGXMS T
0 0 0
AAC - OMSXMG 0 0 kG’aP ) (50)
i 0 0 —kap |

with g(z™) = ny. In the simulations that follow we use Np = 5 power series terms in the expansion
for I(z™) in equation (45).

The other part of the control formulation is the tracking variable s(t,z ), which is found
using a two-point boundary value problem technique developed in [9]. The tracking variable and a
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nominal state variable form the coupled system

$ = _AT( nom)S +1I ( nom) BR~ IBTS + (HM)TQldT — D1 ( nom) w%m
-5, (= mm)z (% o)) (T (22) 2 + ) (51)
B, = Al )el, — BROBI(I (s, ) o0, + 5),

M .(0) = z{! and final condition s(T,z2%,, (Tf)) = 0. The final time used in
the two-point boundary value problem is given by the sum Ty = T, + A. Here T, is the ending time
of the studied target thickness trajectory, and A is an additional time value to allow this problem to
approximate the infinite-time problem well and to be stabilized completely by the control. In a linear
problem a reasonable value for A can be argued as five times the dominant time constant associated
with the eigenvalues of the matrix A — BR™!BTI (see p. 86 of [33]). For the nonlinear HPCVD
problem, the eigenvalues of the linearized matrix A9 — BR™'B”(Lg)¢c could be used. However, in
addition to the nonlinearity, our desired tracking signal is a ramp function which is not zero at the
target trajectory final time 7}, = 50 (in dimensionless time units), which causes problems with forcing
s to return to zero at only a short time after 7),. Thus we use a large value (A = 50) to avoid this,
although we are only concerned with the system behavior up to 7.

The term D;II(z) in the system (51) is a somewhat misleading notation; it is the total time
derivative of II(z(t)) given by

with initial condition 2

Z axk @), (52)

and thus is only given meaning when evaluated along the state trajectory z(t¢) so that = can have
some value. The terms (0A1_,y,;/0z) represent the derivatives of the columns of A and are given by

aAli/al‘l e (9Alz/8xm
= : - : : (53)

8Al—)m,i
or

The numerical discretization of the two-point boundary value problem for s and zyem, on the
interval ¢t € [0,Ty] is carried out as follows. The z,,y, variables have an initial condition, so a
backward difference formula is applied to them, while the s variables have a final condition, so a
forward difference formula is applied to them. This leads to the discrete system

’ A7 (Sk41—s8) = —3 [AT(HUc) - H(wk)BR_lBT} (sk + skt1) + $H'Q (rr + ri41)
. T
= S ()i (Pt an)) [T (o) o + 5 (s + s
{ L [M(apay) — T(ay)] o (54)
& (mn—m1) = L[A(e) + Alwx 1) — BRBT ((wg) + (ag1)] (ok + 24 1)
— BR'BTgy,

\

where sy = s(kAt) and zx = Tpom (kAt), for the discretization points £ = 1,...,N — 1. Here N
is the chosen number of discretization intervals, so that At = Ty/N. Also, zg is the given initial
condition and sy = 0 is the final condition. The z,,y,, variables are not averaged in the s equation,
and the s variables are not averaged in the z,,, equation, because we have no values for zy or
s9. However, the discretization of DiII (Zp0m) requires two time values to find the difference version
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of the derivative, and thus includes an zy value. For this we replace [II(zy) — II(zn_1)] /At by
[M(zxn-1) — II(zy—2)] /At, making the assumption that this change will be small since near Ty the
state will be stable and there will be very little change in x,,, there. The discretized system
can be written in terms of the variables y = [s1,...,SN—1,Z1,...,ZN—1] as F(y) = 0, resulting in a
2m(N — 1)-dimensional system of nonlinear equations. This can be solved via the Newton method,
with the next iterate found from the current one by

Yn+1 = Yn — [VF(yn)]_l F(yn), (55)

where VF' denotes the Jacobian of F'.

This tracking variable, found offline, is combined with the direct state feedback term involving
the state-dependent Riccati equation solution in the feedback control formulation (43). The tracking
variable is a very important part of the control for the HPCVD problem, since there is some delay
between the introduction of controlled species at the inlet and the arrival of that species at the
substrate surface (where the tracking signal d¥ as well as the absorption measurement z (z™) are
evaluated). The tracking variable anticipates this delay, whereas the direct state feedback term
—~R7'BT(zM)zM cannot do so.

The application of the above feedback control to the HPCVD system must also include a state
estimator /compensator based on the measurement discussed in Section 2. The control described in
equation (43) is given in terms of the full state variables ™ (the gas-phase POD coefficients and
ROSK model species concentrations), but not all of these state variables are known. We have only
a partial measurement, the optical absorption across the width of the reactor, with which to find an
estimate £ of the actual state. Rewritten in terms of the POD basis representation, the absorption
measurement in equation (33) becomes

M) = 1-exp (—‘”fV 55> o[ @u@az] ym(t))

n=11:=1

= 1—exp (—C’éw:z:M(t))
= c(zM(2)). (56)

This measurement is nonlinear in the state, as are the dynamics in the system (40), so we will use
the nonlinear techniques for state estimation developed in [9].

The estimated state will be represented by an ordinary differential equation similar to the
state equation, with a gain matrix (found using a state-dependent Riccati equation) applied to
the difference between the measurements of the actual and estimated states. With the feedback
control (43) given in terms of the estimated state, the actual and estimated states are coupled and
are given by

iM = A(M)zM — BR'BT

M = A@M)zM — BR'BT |TI(zM)zM + s(t,zM ) (57)
+ LM (g0 [2M — c(zM)]
The state estimation gain is found by
LM(z") = 2(z")(Cg") TV (58)
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from the solution X(z) to the dual state-dependent Riccati equation
Sze AT (2") + Al B(xl") — Bz )GV TICH (") + U = 0. (59)

We set the weights in the estimation problem as U = Iy and V' = r3, with r3 a third design parameter
we can choose in order to vary the emphasis in the control/estimator formulation. For the purposes

of finding the estimator gain in equations (58)-(59), the nonlinear measurement function z™ = ¢(z)
is linearized about the origin, resulting in
M dc M
2 (1) = c(0)+ 557027 (1)
= CMzgMy). (60)

The nonlinearity of the measurement function does remain in the estimator system (57) itself, and the
nonlinearity of the system dynamics remains in (57)-(59). The estimator gain SDRE (59) is solved
using the power series approximation in an analogous fashion to equations (44)-(48) by splitting
A(zM) into constant and state-dependent parts as before and using Np = 5 power series terms.

5. Film Thickness Tracking Results

The POD modes for each gas-phase species were found in the manner described in Section 2,
from sets of 100 snapshots for each species. The percentage of data variability contained in the first
k POD modes is plotted in Figure 5, for each of the three species. This shows that the original
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Figure 5: Data variability contained in the first few POD modes, for each species.

snapshot data is very well represented by 6 modes or fewer for the TMG mass fraction, and 3 modes
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or fewer for the other two species, suggesting that no more than 12 POD modes are required for the
reduced order model. This is in contrast with the 3 x 47131 finite element basis functions used in
the reactor simulation from which the POD snapshots were derived.

However, while variability may be a good guide to the accuracy of the POD model as a rep-
resentation of the full system, the effectiveness of the POD model as the basis of feedback control
is another issue. For this purpose a study of the controllability and observability properties of the
reduced order system may be helpful. As in [7, 39, 40] we may look at the controllability and
observability ranks of the resulting linear POD reduced order representation (29) of the gas phase
dynamics, with the linearized measurement function given in terms of the gas-phase states by

zéVIG(yMG) = C(J)V[GyMG. (61)

Control theory results [41] yield that a linear system will become less controllable and/or observable
as the difference between those ranks and the system rank increases. This has appeared to be so in
some cases [39, 40] where a greater number of POD modes made the control more difficult, though
in others [7] a larger POD system was found to produce a significantly more effective control than a
smaller POD system.

For our system, the complete HPCVD model is a coupled system of the gas-phase and surface
deposition models. While the complete model is nonlinear, the gas-phase POD system is linear, and
so the above techniques of considering data variability and controllability /observability properties
can be used in finding the number of POD modes. In the POD reduced order model the maximum
controllability rank is 5, and the maximum observability rank is 6. In order to remain very close
to the controllability and observability ranks in the POD system, we use M = 6 modes total (2
for TMG, 2 for DMG, and 2 for MMG) in constructing the feedback control and estimator. This
low number of modes still results in the capture of a very large percentage of the data variability
as shown in Figure 5. It should be noted that the heuristic arguments involving these ranks are
for the reduced order system itself, but the eventual goal for a model of this type is to apply the
reduced order control to the high-order system, or indeed the original infinite-dimensional system.
It is questionable whether controllability in the full problem is even related to that of the reduced
order system. Thus even though the controllability rank appears to be something which might be
heuristically considered, strict adherence to any rule based on it need not produce optimal results.

In implementing this problem numerically, the system (9) is nondimensionalized before applying
the Galerkin procedure to produce an approximated ODE system. We used reference values of
Lo = 1073 m, Dy = 1075 m?/s, and py = 3.04 kg/m?, with other scaling values extrapolated from
them. The surface model is similarly nondimensionalized before the simulations are run. From
the FIDAP-generated snapshots, the POD modes and the coefficient matrices AMe, BMc  H éVIG and

CéVI ¢ are calculated using C programs. The matrix calculations involved in setting up the control
formulation are done in MATLAB programs, including the determination of Riccati and Lyapunov
equation solutions in (46)-(48) using the MATLAB routines “are” and “lyap” respectively, and the
solution of the TPBV problem for the tracking variable using codes written by the authors. The
dynamical equations in the actual control problem are solved in MATLAB as well using the “ode23s”
function. The initial estimated state z(0) = O(10~8) only approximates the actual state initial
condition 2 (0) = 0, which represents a reactor empty of all but the carrier gas, and no species on
the surface except the activated phosphorus, which is not one of the state variables. The slightly
inaccurate initial estimated state is chosen to analyze the effectiveness of the state estimation method
at recovering so as to accurately represent the actual state.
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We considered the feedback control of the reduced order system using 6 POD modes, tracking a
film thickness growth profile shaped as in Figure 4. The values of the design parameters ro = 0 and
r3 = 4000 were chosen because they gave the best results among a number of different values which
were tried in the control formulation. A series of simulations was carried out with these values of 7y
and 73 kept constant and the third parameter given the various values 71 = 1077, 1078, and 10~7.
The resulting film thicknesses from the controls using these three parameter values are plotted in
Figure 6, tracking the growth of one monolayer of GaP (with dimensionless time units equivalent
to 0.1 s). This figure depicts excellent tracking of the desired thickness profile, with the trajectory
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Figure 6: Controlled thickness profiles for various r; values.

moving closer to the desired curve as the value of r; for the thickness weighting term in the cost
functional increases, although even the 7 = 10~% output is very close to the target profile.

The control inputs u© which were used to achieve these three controlled trajectories are plotted
in Figure 7, with the (scaled down) desired trajectory plotted there as well to show relative dynamics
between the control action and target trajectory. Each control here is a roughly pyramid-shaped,
or hat-shaped, pulse. HEach goes slightly negative at the beginning and end of the hat shape, and
there is a very sharp spike in each, located immediately at the start of the time interval considered,
before the hat shape itself starts. As r; increases, both the hat peak and the negative portions of
the control become larger. The larger r; values (and so larger 1 and relatively smaller R in the
cost functional) allow greater extremes in the control, which then force the thickness ramp to have
sharper curves and more closely approach the rounded-ramp-shaped desired growth profile. The
initial spike in the control input appears to be related to the slightly inaccurate initial estimated
state which we used, although it may also be a very brief period in which the control/estimator needs
to “learn” the behavior of the system.

Figure 8 shows the root-mean-square error between the nodal point values of the gas-phase mass
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Figure 7: Control inputs for various r; values, with not-to-scale tracking profile shown.

fractions obtained from the actual and estimated states,

RMS — \/ v [P0 -7 0] (62)

during the controlled simulations. Note that this error decreases extremely rapidly (the time interval
shown in this figure is much smaller than that in the thickness and control figures), so that it is almost
zero by the nondimensional time 5. This error curve is essentially the same for all three values of 71,
and shows that the estimator is performing well at approximating the actual state from the nonlinear
partial measurement. It also implies that the very sudden, very short control spike may be necessary
to close the gap between the estimate and the actual state.

Other simulations were run with a different design parameter value of r3 = 1. This much
smaller value changes the weights in the state estimation cost functional so that more “control” is
allowed to close the difference between the estimated and actual states more quickly. This results
in the initial control spike being much larger, going from —11 to 7, in comparison with the spike in
Figure 7, which has a limited range of 0 to 3. Increasing r3 much beyond 4000 results in the system
becoming badly scaled and “ode23s” being unable to solve it.

Without constraints on the possible values the control input can take, it is possible for the control
to go negative, as can be seen in Figure 7. Physically, the control input represents the TMG mass
fraction at the inlet. Therefore, having negative values of the control is undesirable, since it would
be impossible to realize in the physical reactor. In a previous study [7], similar nonphysical negative
control was truncated, or set to 0 whenever the control formulation gave a negative value. In those
gas-phase-only simulations, the feedback control successfully tracked the surface flux profile, even
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Figure 8: State estimation error amounts for various r; values.

with this restriction. In the control problems in this paper we attempted to use the same truncation
technique to eliminate negative control inputs, but found that with truncation this problem would
not converge to the desired result. There are a few aspects of the HPCVD problem which can help
to explain this ineffectiveness.

An important property of the film thickness tracking problem which contributes to the failure
of truncation is that the tracking signal (film thickness) is a cumulative measure of the amount of
GaP which has been grown during the cycle up to the current time. In [7], where truncated control
was successfully implemented, the tracking signal was the flux of gallium to the surface, which is an
instantaneous property of the system. In that case, if a negative control input was truncated near
the end of the desired block-shaped flux profile, it would simply lead to a slight trailing over of the
gallium flux past the desired stopping time, but no long-term unwanted effects. In fact the target
profile in [7] includes a slight trailing end in anticipation of this effect. In contrast, if no negative
control is allowed in our current problem, any excess active gallium on the surface which the negative
control would have removed instead goes into growing more of the GaP film, thereby overshooting
the upper plateau of the target ramp function. The film thickness would then differ from the desired
value for the rest of the time period instead of just a short interval. This adds substantially to the
cost functional. This is the primary reason for the failure of the truncated feedback control. If
the HPCVD model was extended to consider long-term film growth this problem might be removed,
since any overshoot could be compensated for with less growth in the next source vapor pulse cycle.
The next phosphorus source pulse could be used to control the leftover active surface gallium through
reactions in the next growth period.

It is also important to point out that the target profile shape profoundly affects the system
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behavior. Our target thickness profile is a upward ramp with rounded corners. If the corners
were not rounded at all, it would be virtually impossible to track closely, since sharp corners are
extremely difficult to control, especially in this case. In the surface reaction layer, even with a
fairly quick reaction rate for the formation of GaP, there is still some time needed for the reaction
to take place (likewise for the activation of the surface gallium). Since the rate of formation is
proportional to the amount of active gallium, as it is used up, the reaction will go slower, prolonging
and slowing the end of the film growth process. In order to cause a sudden end to the GaP growth,
the feedback control sends negative gallium concentrations out to “eliminate” the gallium remaining
on the surface at the end of the desired growth period. (We note that in discussions with our
material scientist colleagues, the nature of this control has already suggested an enhanced feature of
the next generation of reactors. It is proposed to inject a third chemical species to combine with the
gallium, producing an inactive, nondepositing product, thereby producing timely “sinks” or negative
control on the gallium.) This difficulty with negative control is naturally lessened when the corners
of the desired thickness ramp function are smoothed out. With the profile shown in Figures 6 and
7 there is only minimal negative control, especially with the parameter r; = 10~°. There is a less
dramatic effect in the gas phase, where any sharp jump in the gallium input at the inlet (such as a
block-shaped pulse) will be smoothed out by gas flow/diffusion in the reactor before it arrives at the
surface, making sharp start/stop points difficult. This was compensated for by using a somewhat
rounded target profile in the gas-phase simulations in [7], and should be compensated for in the
current simulations by the rounded target thickness ramp function as well.

A different set of simulations using a more ambitious, less rounded target profile was carried
out as well. In this profile the ramp function is less smoothed out, with a growth period of 20
time units compared to 30 in the previous simulations. All the design parameters are the same
as above except the time constants 7, = A = 30, and the parameter r3. For these simulations
the value r3 = 1000 gave the best results. The thickness profile results for these simulations using
the same three values of r; as before are plotted in Figure 9. The corresponding control inputs
are plotted in Figure 10 along with the not-to-scale target thickness trajectory. We can track this
sharper thickness profile almost as well as the earlier profile, but with greater difficulty in keeping
the control nonnegative. Notice that in Figure 10 the 71 = 10~7 control input goes down to almost
—2 as the growth is levelling off, while in Figure 7 it only reaches about —2/3. Even the r; = 10~°
control input goes down to nearly —1 in the initial spike in Figure 10, while only going to about
—1/3 near the start in Figure 7. It might be possible to remove the negative control inputs entirely
with enough rounding and slowing of the desired film growth. However, this would limit the rate at
which the film could be grown. To determine the proper balance between the speed of growth and
the ability to control the process, so that we can find the target profile that is most desirable yet
can be realistically achieved, we will need more information about the HPCVD reactor and model
(accurate values of the parameters k1 and kgqp, etc). The estimator error in the sharper-profile
simulations is reduced to very near zero by about time 1.5, even earlier than the time 5 needed by
the error in Figure 8. This is a result of the parameter r3 = 1000 in the estimator weights being
smaller than the Figure 8 value of r3 = 4000.

It can be noted that in all of the above simulations we have used the value ro = 0 for the added
state weight term on d" in the cost functional. Simulations were run with several positive values of
r9, but using this did not seem to be beneficial overall. There did not appear to be any significant
undesirable behavior in the state variables which needed to be limited by this term, and diverting
the feedback control influence to include the other states reduced the ability of the control to achieve
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the desired tracking results. Simulations using ro = 10~? and other positive values were significantly
less effective at tracking the desired thickness profile than those using ro = 0, and the initial control
spike was much more negative as well.

6. Discussion

While we have successfully carried out proof-of-concept model development and development
of a nonlinear control methodology for a very complex reactor system, there are several directions
in which this research work should be continued/expanded on in the future. We have developed
a reduced order model-based feedback control and implemented it on the reduced order model of
the HPCVD problem. However, the success of this is not necessarily indicative of a success upon
application of the reduced order control to the full system. This should be tested by implementing
the reduced order control on the high-order finite element representation, as was done for the gas-
phase HPCVD model in [7]. Furthermore, the ultimate goal is to apply the reduced order control
to the physical reactor, which has recently been constructed in the Materials Science Department at
North Carolina State University.

In order to make the model sufficiently accurate to effectively control the physical reactor, some
refinements will be necessary. Several parameters we have used here are very rough estimates, used
to prove the effectiveness of the control on a problem with behavior very similar to that of the physical
problem. For the actual reactor, however, we will need to find more accurate values for the ROSK
model rate constants and the optical responses for the gas-phase species, through calibration of and
experiments in the reactor. In addition, there will be a second observation technique (a modification
of the PRS sensing of [4, 8]) added in the reactor, using the measurement of the reflectance of a light
beam from behind the substrate. The equations modeling this must be added to the state estimation
portion of the control in order to use this measurement in controlling growth and composition of the
film in the physical reactor.

A different avenue of investigation is the number of POD modes used in the reduced order
model. We have used 6 POD modes, but using a larger number of modes (perhaps 10 or 12) may
result in a more accurate representation of the actual three-dimensional species transport dynamics,
and therefore possibly a more effective model-based control. Application of the 6 mode model, as
well these larger models, to control of the high order finite element model would be very useful in
determining which of them should give us the best control authority over the physical reactor. The
properties of the nonlinear control and estimation methodologies used here could also be further
investigated computationally, to learn more about conditions that result in robustness and local and
global stability, for example.

Another important point is that in this proof-of-concept presentation we have considered only a
single cycle of the deposition process, concentrating on the small-time-scale behavior of the system.
While this is important, controlling the long-term growth behavior over a period of hundreds of
cycles is another important goal. This will mean extending the model to include the gas-phase
phosphine transport and decomposition in addition to that of TMG, and changing the ROSK model
to include the surface phosphorus dynamics. Adding phosphine to the gas-phase model may well
require the removal of the dilute assumption described in Section 2, since phosphine has a very small
sticking coefficient and so large amounts of it must be introduced in order to get the desired amount
deposited on the substrate surface. Some modifications to the control problem formulation may
prove necessary in this event as well. A benefit of extending the control problem over many cycles
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would be that the problem with negative controls might be removed, since overshooting a target
film thickness might be compensated for in the next source vapor pulse cycle. The addition of the
second measurement technique should also be helpful in observation and control of the film growth
behavior over many cycles, since the optical absorption measurement focuses only on the gas phase
while the reflectance measurement would provide a more direct observation of the cumulative film
thickness growth. A further possibility is that the problem could be extended to look at the growth
of films such as Gaj_;In,P, where both the film thickness and film composition can be controlled,
by adding more species and reactions to both the gas-phase and surface models.

Finally, we note that the present investigation opens a host of mathematical questions that
should provide a rich source of theoretical challenges. For example, there is no general (or even
particular) theory for how one chooses snapshots in the POD methodology. This is true for general
simulation approximations, but even more relevant in specific constructions for control and inverse
problems. That is, does one use snapshots of the uncontrolled system in constructing the basis
elements to be used in the controlled (feedback) system? In most cases this will not prove adequate.
Then how does one systematically choose “inputs” for the system to be used in taking snapshots?
These are fundamental questions of both practical and theoretical interest. Successful treatment
will almost certainly require rather deep and detailed mathematical analysis combining dynamical
systems and control theoretical ideas.

Very little in the way of a theoretical convergence (rigorous error estimate) analysis is available
for POD-based approximations (we are aware of only the recent efforts of Kunisch and Volkwein in
[42]). Again this is an important question that will require nontrivial mathematical analysis.

Another area of significance is the development of a comprehensive theory for approximation and
convergence for the state-dependent Riccati equation approach to nonlinear feedback and compensa-
tion that we have adapted for our computations above. At present, there is no rigorous theory that
treats these approximation ideas for complex systems such as the nonlinear coupled ordinary/partial
differential equation system of our reactor model. The development of a rigorous foundation for
such methods is a formidable challenge to the control theory community. Even partial theories will
provide insight into further development and use of nonlinear control methodologies.

7. Conclusions

In this paper we have developed a mathematical model of the thin film growth process in
a high-pressure chemical vapor deposition reactor. This model combines the gas-phase flow of
the source species to the substrate with the growth of the film on that substrate surface. The
film growth is represented by a reduced order surface kinetics model, and the species transport
is represented by a reduced order model obtained from a quasi-steady gas flow formulation and
the proper orthogonal decomposition method. This gas-phase model includes a three-dimensional
domain, species reactions, and a realistic technique for partial measurement of the process. The full
HPCVD model is formed by linking these two parts of the growth process through the gas-phase
species flux to the substrate surface.

The low order models representing the two parts of the film deposition process enable us to
implement a real-time model-based nonlinear feedback control of the film growth. A feedback
control tracking GaP film thickness was constructed for this problem, using a nonlinear partial
measurement for estimation of the state. Previously developed methods of nonlinear tracking control
and state estimation based on two state-dependent Riccati equations were used for this purpose. In
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simulations the inlet TMG mass fraction was used to effectively control the model and track a desired
film thickness growth profile, with the estimator approximating the actual state very well, although
there was the drawback of some slightly negative control input values near the film growth starting
and stopping times. (This, in fact, stimulated new ideas for future generation reactor design as
mentioned in Section 5.) The importance of choosing the right target film growth profile was
discovered; trying to force the growth to be too fast, or to start and stop too sharply, resulted in
large negative control input portions. On the other hand, choosing too slow of a target growth
profile will result in the loss of one of the advantages of the HPCVD process: its high throughput
in comparison with low-pressure methods. Several future extensions of this work were discussed
in Section 6, including modifications of this particular model and theoretical issues regarding the
mathematical techniques used here.
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